Introduction

T
HE ow of an impinging air jet on an inclined surface addresses a number of practical applications including defogging and deicing of a vehicle's windshield, vertical/standard takeoff and landing engineering, and lm cooling of turbine blades. The speci c application of interest is air issuing from the defroster's nozzles of a vehicle and impinging on the glass windshield. Various factors can be examined for optimizing the ow performance for defrosting ice on the outside surface or clearing fog on the inside surface. The nozzle outlet must be capable of generating an air ow that disperses over the entire inner surface of the windshield.
The interaction of multiple cool air jets with hot inclined wall generates complex ow elds that have been extensively investigated in the literature. 1¡4 A number of investigators have tackled the speci c problem of air issuing from the defroster's nozzles and impinging on the inclined surface of a vehicle's windshield. 4¡7 The purpose of such investigations is to enhance the defroster's performance in providing clear areas free of frost or fog. A recent survey of relevant investigations 8 points to the heat transfer coef cient being the primary controlling parameter in uencing heat transfer between the uid and the solid surface. In this Note the uid-thermal characteristics of a pair of impinging rectangular jets on a windshield are identi ed. Experimental measurements of local surface temperatures are used to yield local heat-transfer coef cient for an imposed heat ux. Corresponding three-dimensional numerical simulation is performed using a commercial nite volume code for obtaining detailed temperature and ow distributions. The solution is validated with experimental data, and the predicted local and average heat transfer coef cients on the internal surface of an inclined windshield are compared. 
Experimental Setup
An experimental apparatus consisting of the HVAC module of a car and a windshield was assembled. A thin heating pad, 0.3048 m wide and 0.4572 m long, was attached centrally to the outer surface of the windshield providing constant surface heat ux in that region. Air is forced onto the inclined windshield, via the blower of the HVAC module, impinges and hugs the large surface of the windshield, and disperses into the laboratory environment. The main base of the test stand is intentionally kept open for unrestricted placement, adjustment, and accessibility of the HVAC module components. To allow for the possible adjustment of the windshield's angle between the windshield and dashpad, two pillars, made of 3.81-cm perforated steel angle, were af xed to the stand.
A representative windshield angle of a passenger vehicle was chosen as 39 deg, which is the angle used for the experiments. A pair of 12.7-cm bolts was placed in the appropriate pillar holes to support the windshield at the desired angle. To power the blower of the HVAC module, a 12V ac-dc power converter was chosen, wired into the blower unit and tested. In the actual application the air is heated via a heater core and impinges on the windshield. In the current experiment unheated room air impinges on a heated windshield. The windshield is heated partially on its outer surface via a thermal heating pad, as mentioned earlier. The heater is capable of producing approximately 540 W. The back surface of the heating pad is insulated via a polystyrene insulation layer of known R value.
A variable resistor potentiometer was used in conjunction with two digital multimeters (DMM) for the purpose of controlling the heat ux. One DMM was used to measure the voltage while the other yielded the current. Of course, the heating pad wattage (input) is the product of volts and amps. The convected heat by the owing air is computed by Q conv D Q input ¡Q loss ¡Q rad , where Q loss D 1TA=R is the rate of heat transfer, in watts, off the back surface of the heater. This heat loss was quanti ed based on the temperature difference 1T of the back surface of the heater and the outer surface of the insulation pad. Q rad is the radiative heat transfer exchanged between the inner surface of the windshield and the surroundings, Figure 1 is a schematic of the vehicle windshield and its associated air volume. The air jet, at temperature T j , issues at an angle Á through two rectangular openings and impinges upon the glass windshield of thickness t . The windshield is inclined at an angle ® and has a heating pad that is centrally placed on the external surface of the windshield. The heating pad introduces a constant heat ux into the heated area. All necessary dimensions are given in the gure. The mean plug ow velocity in the injection pipe is V .
Numerical Model
The system of equations for steady, turbulent, buoyancy-driven, incompressible jet ows, including the k-" model, has been studied in detail in the literature. 9 For state variable q
T , the transformed equations for the intrinsic coordinate system » i can be written as
where source term S includes the Boussinesque approximation for the momentum equation, f »i is the convective ux vector, and f »i À
and O f »i À are the diffusive ux vectors. In this work we utilized the renormalization group based k-" model. 11 This model introduces two equations, one for the turbulent kinetic energy k and the other for its dissipation rate ". These equations are included in the set of the transformed Eq. (1). The effect of this model is to introduce an additional viscosity, called turbulent viscosity. The turbulent viscosity is not a uid property, but rather a property of the ow eld. Its value is added to the molecular viscosity and yields an effective viscosity, which is used in the computational model. The k and " at the inlet are calculated from the following expressions:
in =L " , where T u is the turbulence level and L " is a characteristic length of the domain.
Equations (1) and (2) constitute a system of nonlinear algebraic equations. The system is linearized by relaxation. A streamline upwinding technique 12 is employed for stabilizing numerical iterations. The pressure corrections are used to correct the pressure and the velocities. 13 This predictor-corrector procedure constitutes one iteration. The solution is declared convergent when the maximum residual for each of the state variable becomes smaller than a convergence criterion of 10 ¡4 .
Results and Discussion
Experimental Results
The experiment was performed at a xed blower setting and a heating pad power value of Q input D 67:5 W. Therefore, the convective ux to the owing air was found to be
Newton's law of cooling was employed to evaluate the local heat transfer coef cients:
The incoming air temperature was recorded as T in D 25:5 ± C by placing a type T thermocouple at the outlet of the blower ductwork, that is, at the defroster nozzle's exit plane. The local surface temperature of the windshield was measured by mapping the heated area of the windshield with 100 strips of temperature-sensitive liquid crystals.
A grid was formed on the windshield under the entire surface of the heating pad by drawing horizontal and vertical lines with a 2.54-cm spacing. This grid was used to record the location of the point at which the inner surface temperatures were detected. Embedded in the plastic were pieces of liquid crystal temperature sensing strips. As a result, a map of local surface temperatures was generated. Figure 2 displays an Excel-generated map (contours) of temperature values. The local surface temperature gives a local heat-transfer coef cient via Eq. (2). A grid is constructed of 12 cells laterally and 18 cells longitudinally on the inner side of windshield as shown in Fig. 2 .
Errors in computing the value of the heat transfer coef cient could result from the measurement of the voltage, the current, the heat losses, the surface area, the surface temperature, and the incoming jet air temperature. Performing uncertainty analysis using the root-sum-square method 14 and computing individual relative uncertainties yielded a 5.1% relative uncertainty in the value for the heattransfer coef cient. The average heat transfer coef cient over the heated area of the windshield was then computed as N h D 1=A R h d A and found to be 29.4 W/m 2 K. The numerical simulation discussed in the next section compares local temperatures as well as experimental and numerical heat transfer coef cients.
Numerical Predictions
The schematic of the simulation volume is shown in Fig 1. the bottom, side, and top surfaces of the control volume and on the inside of the windshield, typical wall boundary conditions are used, that is, the no-slip condition for the velocities and wall functions for k and ". The axial velocity pro les V d and V p are prescribed over the openings; k D k in and " D " in are prescribed at the inlets by choosing an appropriate T u . Finally, a constant heat ux is applied through the heating pad. The downstream conditions are zero gradients for all state variables. The average velocity at the inlet and the imposed heat-ux values were determined experimentally and used for the numerical investigation. The mean ow velocity in the injection pipes are speci ed as uniform for both driver side The three-dimensional Navier-Stokes Eqs. (1) are solved for this uid-thermal system using a nite volume commercial code. The computational uid dynamics (CFD) solutions are documented in Figs. 3-6 . Figure 3 is a three-dimensional view of the air ow characteristics inside the computational domain showing outlines of the inclined windshield, the heating pad, the inlets (defroster's nozzles), and the side walls. Tracking 12 particles released from each inlet shows complex three-dimensional pathlines of uid ow.
Velocity vectors plotted on two-dimensional cross section of the simulation volume on a vertical plane passing through the center of both the jets captures the vortical ow patterns in Fig. 4 , exhibiting recirculation and ow issuing regions. The impinging uid forms a bound vortex structure on this plane between the jets bending the uid downward. The jets coming out of the defroster openings appear to the ow de ected by the windshield as solid. A sharp velocity and temperature gradient is formed upstream of the jet while a wake region develops downstream of the jet. In the latter, a pair of bound vortices per jet is formed, which bends the jet both downward and upward, producing the well-known kidney shape in streamline contours.
The jet impingement process tremendously affects the temperature distribution on the windshield. The air attached to the windshield is coming off the plane at the top of the plot. This complex three-dimensional nature of the uid ow has signi cant in uence on the heat transfer process between the jet and the inclined surface as well as inside the simulation volume. Higher velocity near the wall causes a local cooling effect as a result of higher convective heat transfer. The temperature contours on the inside surface of the windshield under the heated area in Fig. 5 show an overall comparison between the experimental data ( Fig. 2) and CFD prediction of thermal patterns.
The predicted temperature distribution on the inside of the heating pad should also be compared with the experimental data on a point-by-point basis. A detail comparison of predicted and experimental temperature distribution done on 17 points at each of the two constant z lines along the inside of the windshield under the heating pad (Fig. 6) 
Conclusions
This Note addressed numerical and experimental studies of a pair of rectangular air jets impinging on an inclined surface. Experimental measurements of surface temperatures, using liquid crystals, yielded a map of local heat transfer coef cients between the surface and the incoming jet for an imposed heat ux. Corresponding three-dimensional numerical simulation has been performed using a nite volume algorithm for obtaining detailed temperature and ow distributions. The numerical simulation correlated reasonably well with the experimental results and further explained the ow characteristics and thermal patterns. A detail comparison of 34 locations under the heating pad validated the numerical predictions within 1-3 ± C of the measured temperature values. Further investigation should aim for the defogging=defrosting analysis in the ow.
